We compared the effects of treatment with methylprednisolone or the 21-aminosteroids, U-74389 and U-74006F (Tirilizad mesylate), on hyperoxic lung injury and the associated expression of mRNA for several adhesion molecules in rats. Inhalation of >95% oxygen for up to 72 hr in Sprague-Dawley rats produced a marked increase in lung weight and an accumulation of fluid in the thorax when compared with air-breathing controls. Hyperoxia also induced a marked neutrophil-rich influx of inflammatory cells into the bronchial lumen as measured by bronchoalveolar lavage. Neutrophil numbers in bronchoalveolar lavage fluid peaked after 60 hr of exposure to > 95% oxygen; this was associated with a marked upregulation of mRNA for the adhesion molecules P-selectin and E-selectin but not VCAM-1. mRNA for ICAM-1 was constitutively expressed at high levels in both air-breathing controls and in the lungs of rats exposed to high concentrations of oxygen. Pretreatment with the 21-aminosteroids reduced hyperoxic lung damage and improved survival times in animals exposed to >95% oxygen. However, treatment with methylprednisolone significantly decreased survival times. Treatment with U-74389 did not significantly (p > 0.05) inhibit the BAL neutrophilia and did not significantly (p > 0.05) reduce hyperoxia-induced increases in mRNA expression for P-selectin and E-selectin. The inhibition of hyperoxic lung damage coupled with improved survival seen in treated animals suggests that 21-aminosteroids may provide valuable treatments for pulmonary disorders in which oxidant damage has been implicated. -Environ Health Perspect 102 (Suppl 10):193-200 (1994) 
Introduction
Although oxygen therapy has proved invaluable in infants, children, and adults with respiratory insufficiency, prolonged exposure to oxygen can lead to lung cell damage, lung fibrosis, bronchopulmonary dysplasia, organ dysfunction, and death from pulmonary edema (1) 384-9324. in the lungs are overwhelmed by the oxidant burden arising from diverse sources. These include ischemia followed by tissue reoxygenation, the administration of toxins that augment intracellular oxidant formation, and the accumulation of activated leukocytes in the lung tissues. Clinical pulmonary disorders in which oxidant damage has been implicated include adult respiratory distress syndrome (ARDS) (2-4), idiopathic pulmonary fibrosis (5, 6) , cystic fibrosis (7) (8) (9) , emphysema (10, 11) , and asthma (12, 13) .
Modification of the basic structure of methylprednisolone led to the introduction of a new class of compounds, 21-aminosteroids or "first-generation" lazaroids, originally designed as nonglucocorticoid, iron-dependent inhibitors of lipid peroxidation (14, 15) . Members of this class of compound have greater potency than methylprednisolone in animal models of central nervous system trauma and neuronal membrane damage (16, 17) . Close structural analogs also inhibit antigen-induced lung eosinophilia in animals (18) and inhibit oxidant-mediated injury in isolated rat lungs after ischemia/reperfusion or after t-butylhydroperoxide challenge (19) . It would be of obvious interest to explore the potential of these compounds in lung diseases in which oxidant damage has been implicated. In this article, we describe the attenuation of hyperoxic lung injury in rats following treatment with the 21-aminosteroids, U-74389 Preparation ofcDNA Probes cDNA clones encoding rat P-selectin and E-selectin were isolated by homology cloning (Manning et al., manuscript in preparation). A cDNA clone encoding rat ICAM-1 (29) was kindly provided by Tadashi Horiuchi (Daiichi Pharmaceutical Co., Tokyo, Japan). A rat VCAM-1 cDNA fragment was isolated by polymerase chain reaction (PCR) from first-strand cDNA synthesized from total RNA isolated from the heart tissue of rats 3 hr after administration of bacterial endotoxin. Genespecific oligonucleotides were designed based on the available cDNA sequence for rat VCAM-1 (30) . The resulting PCR product was subcloned and its authenticity confirmed by DNA sequence analysis.
For use in hybridization protocols, DNA fragments were prepared from these cDNA clones by the PCR. Gene-specific oligonucleotides were designed to generate fragments of approximately 500 bp in length from the P-selectin, VCAM-1, and ICAM-1 cDNA clones, and 1.6 Kb in length from the rat E-selectin cDNA clone. The following oligonucleotide pairs were used (5'oligo/3'oligo; each sequence as 5' to 3'): P-selectin CGACTTGACTGT-CACTCA/ACAAGTGAGATACACAG encompassing sequences encoding the cytoplasmic domain and 3' untranslated region; E-selectin TTACTACTGGATTG-GAATCAG/TGTTTCTGATTGTTTT-GAACTTA encompassing sequences encoding the EGF-like, complement regulatory-like repeats, the transmembrane and cytoplasmic domains; ICAM-1 AGGTGT-3'untranslated region; and VCAM-1 CCA-AGCTATGCATTCAGACT/CTGAAA-GTCAACCCAGTGAC encompassing the 3' untranslated region.
RNA Extaction and Northern Blot Analysis
Total rat lung RNA was isolated using the RNAzol (Cinna/Biotecx Laboratories International, Inc., Friendswood, TX) method, which is a modification of the Chomczynski and Sacchi (31) (Figure 2A ), but no significant (p> 0.05) change in dry lung weight. Consequently, hyperoxia also induced a significant increase in the lung wet weight to dry weight ratio ( Figure 2B ). Hyperoxia also produced a marked and significant (p < 0.05) accumulation of fluid in the thorax at 60 hr after the initial exposure to >95% oxygen ( Figure 2C ). These changes were associated with a neutrophil-rich accumulation of inflammatory cells in the lungs ( Figure 3A,B cells in the BAL fluid ( Figure 3B ). The time course of neutrophil infiltration correlated with a marked upregulation of mRNAs for P-selectin and E-selectin, and a small upregulation of mRNA for VCAM-1 ( Figure 4 ). ICAM-1 was constitutively expressed at a high level in both air-breathing and hyperoxic rats, and the levels did not change significantly during the progression of hyperoxic lung injury ( Figure 5 ). (40) (41) (42) (43) (44) . There are numerous other examples. Preexposure of rats to 85% oxygen induces tolerance to the effects of subsequent exposure to 100% oxygen and this is associated with an increase of lung levels of superoxide dismutase, an enzyme which converts°2 to H202 (35) . In accordance with these findings, treatments with superoxide dismutase or catalase have been shown to be protective against oxygen toxicity (45, 46) . In addition, hyperoxia also has been shown to increase oxygen radical production in rat lung homogenates (47), while oxygen metabolite scavengers inhibit hyperoxic lung injury (48) and protect alveolar macrophages from hyperoxic injury in vitro (49) . Lipid peroxides also have been shown to be directly toxic to alveolar cells (50) . The above findings support the view that hyperoxic lung injury occurs as a result of the natural antioxidant defenses being overwhelmed by the increased oxidant stress resulting from breathing high oxygen concentrations. Therapeutic interventions that might attenuate the oxidant stress would be of obvious value in this disorder.
Previously, we demonstrated an inhibition of hyperoxic lung injury after treatment with the nonglucocorticoid 21-aminosteroid U-74389F (51). 21-Aminosteroids were originally designed as inhibitors of irondependent lipid peroxidation (15) and are effective in animal models of CNS trauma and neuronal membrane damage (16, 17) . In the present study, we showed that the inhibitory properties of U-74389F on hyperoxic lung injury, as measured by the inhibition of the hyperoxia-induced accumulation of pleural fluid, was shared by a close structural analog, U-74006F (Tirilizad mesylate), a compound that is currently being evaluated for the treatment of head and spinal cord injury in humans. In contrast, methylprednisolone, when tested at the same dose levels and under the same dosing regimen, failed to demonstrate any protection of hyperoxic lung injury. Furthermore, when we compared survival times of rats exposed to >95% oxygen, methylprednisolone treatment reduced survival times, while the nonglucocorticoid 21-aminosteroids U-74389G and U-74006F significantly increased survival times. Although we have not explored the mechanisms by which methylprednisolone exacerbated oxygen toxicity, a similar decrease in survival times has been described by other investigators after glucocorticoid pretreatment of sheep (52) , mice (53) , and rats (54) . Interestingly, the latter investigators showed that, although dexamethasone exacerbated lung damage and diminished survival when given early during exposure to hyperoxia, they were able to demonstrate an improved survival if given when the hyperoxia was soon to be terminated. In sheep, glucocorticoid treatment potentiated oxygen toxicity irrespective of the time of treatment (52) . The abundance of experimental data, including our own, that suggests glucocorticoid treatment is deleterious to animals breathing high concentrations of oxygen may indicate that these agents should be avoided in clinical settings that require inhalation of high fractions of inspired oxygen. However, at the present time, high-dose steroids provide the only available pharmacologic treatment for patients with severe spinal cord injuries, and these patients often require ventilation with oxygen.
The effects of U-74389 and U-74006F in preventing hyperoxic lung injury and prolonging survival times in rats in our experiments are consistent with a recent report by Frank and McLauglin (55) that showed treatment of neonatal rats with U-74389F protected against the oxygeninduced inhibition of normal lung development. These investigators showed that the normal septation of the large air saccules at birth to form smaller diameter alveoli, with a much increased surface area, is markedly inhibited by hyperoxia. The model showed a very similar lung pathology to that which occurs in infants who had died with bronchopulmonary dysplasia. Treatment of 4-day-old rat pups for 10 days with U-74389F markedly reduced the oxygen-induced inhibition of normal lung development. Similarly, the oxygeninduced inhibition of elastin deposition, which is intimately involved in the septation process, was ameliorated by U-74389F treatment.
In addition to hyperoxic lung injury, 21-aminosteroids have also been shown to be efficacious in other models of pulmonary oxidant damage. Thus U-74500A, a close structural analog of the compounds tested here, has been shown to prevent oxidant-mediated injury in isolated rat lungs after ischemia/reperfusion or after t-butylhydroperoxide challenge (19) . U-74389F also offers some protection against bleomycin-induced pulmonary fibrosis in rats (56) . U-74500A and U-74389F also protect pulmonary endothelial cells against oxidant-dependent injury induced by neutrophils (57) .
The mechanisms by which 21-aminosteroids inhibit hyperoxic lung injury are yet to be elucidated. However, these compounds are potent inhibitors of lipid peroxidation (15, 58) and are highly lipophilic, distributing preferentially to the lipid bilayer of cell membranes where they have been shown to exert potent stabilizing effects (59, 60) . Consequently, it has been proposed (61) that these compounds exert their antilipid peroxidation activity through cooperative mechanisms, a radical scavenging action, and a physicochemical interaction with cell membranes that decreases membrane fluidity. This proposition is consistent with the compounds' effects on hyperoxic lung injury in vivo, where stabilization of endothelial cell membranes would reduce hyperoxia-induced increases in capillary permeability and pulmonary edema.
In our experiments, hyperoxic lung injury in rats was associated with a progressive increase in the numbers of neutrophils that could be washed out of the bronchial Volume 102, Supplement 10, December 1994 lumen by lavage. This was consistent with findings from other laboratories in which increases in the numbers of radiolabeled neutrophils were detected during hyperoxic lung injury (20) . To determine if there was a temporal association between the appearance of neutrophils in the bronchoalveolar lavage fluid and the expression of mRNA for the adhesion molecules, ICAM-1, Eselectin, VCAM-1, or P-selectin, we exposed rats to an atmosphere of >95% oxygen for up to 72 hr. Quantitation of mRNA for E-selectin and P-selectin in hyperoxic lung tissue demonstrated marked increases in both selectin molecules after prolonged exposure to oxygen, at 60 and 66 hr. This was temporally associated with the influx of neutrophils into the lungs and is consistent with the view that P-selectin expression on activated endothelial cells first promotes rolling of these cells (22, 25) via interaction with neutrophil carbohydrate ligands (e.g., sialyl Lewisx) presented by Lselectin, which is expressed at high levels on circulating resting neutrophils, and is constitutively functional (21) . Following rolling of neutrophils, firm adhesion and transmigration through endothelial cells may then be mediated through the integrins LFA-1 and MAC-I on the neutrophil surface with ICAM-1 on the endothelial cells. The increase in mRNA for E-selectin in hyperoxic lung tissue, and the associated neutrophilia seen in our experiments in rats, also is consistent with the observation that adhesion of neutrophils to endothelial cells can be mediated via L-selectin on the neutrophil surface with upregulated Eselectin on endothelial cells (22) . This is in contrast to studies in mice (62) in which no upregulation of E-selectin mRNA was observed. Messenger RNA for ICAM-1 was constitutively expressed at high levels in air-breathing and hyperoxic rats, and no perceptible change was observed during the development of hyperoxic lung damage. This is in contrast to hyperoxic lung injury in murine lung tissue in which an increase in mRNA for ICAM-1 has been reported (63) and antiICAM-1 monoclonal antibody treatment partially inhibits hyperoxic lung injury (64) . Signals for VCAM-1 were weak in rat lung tissues, but nonetheless, a slight increase in expression occurred at >54 hr of hyperoxia. The precise contribution made by each of the different adhesion molecules to leukocyte trafficking in hyperoxic lung injury may be best examined using deficient or mutant mice that lack the expression of P-selectin, CD18, and ICAM-1 (65) (66) (67) .
When rats were pretreated with the 21- aminosteroid U-75389, we saw no significant inhibition of the neutrophil influx into bronchoalveolar lavage fluid and no significant inhibition of the bronchoalveolar neutrophilia or the expression of mRNA for the different adhesion molecules. We conclude from this that the effects of U-74389 cannot be ascribed to the inhibition of neutrophil trafficking into the lungs. The ability of 21-aminosteroids to prevent lung damage and promote survival of hyperoxic rats also adds further support to the view that neutrophil products do not contribute to the early (<60 hr) lung damage that occurs during exposure to very high concentrations of oxygen. Ibuprofen has been shown to inhibit neutrophil influx during hyperoxia in rabbits without preventing lung damage (68) , and neutrophil depletion with cytotoxic drugs does not prevent acute hyperoxic injury (69, 70 
